␤ signal transduction occurs via receptors associated with domains such as clathrin-coated pits, with subsequent formation of the early endosome and the characteristic downstream stimulus to promote tissue fibrosis. However, transduction via receptors associated with caveolae and CAV1 triggers receptor internalization and degradation, with a resultant antifibrotic effect. 6 Indeed, tissue expression of CAV1 is known to be reduced in patients with scleroderma and idiopathic pulmonary fibrosis. 5 Compared with these fibrosing disorders, the role of CAV1 in the development of renal fibrosis has received little attention, although a recent report described a model of ureteric obstruction, whereby reduced CAV1 expression promoted the ensuing renal fibrosis. 7 We sought to further assess the role of CAV1 in renal fibrosis, with particular regard to variation in the encoding gene, CAV1. No studies to date have addressed whether genetic variation of CAV1 increases propensity toward fibrosis in general or renal fibrosis specifically. Although fibrosis is common to many renal pathologic states, it is particularly common in renal allografts, 8 with often rapid progression early posttransplantation, resulting in subsequent allograft dysfunction and failure. Indeed, kidney transplantation may be considered a "human model" of accelerated tissue fibrosis. 9 This study assessed the role of CAV1 variants in the development of renal allograft fibrosis and in renal transplantation outcome, using allograft failure as the primary end point of interest. Gene variation among both donors and recipients was investigated because cells derived from both may contribute to allograft fibrosis. 10 The a priori strategy was to identify the CAV1 variant(s) associated with increased transplant failure rates in a large single-center transplant cohort, then validate any associations in an independent population using an "exact validation" approach.
11

METHODS
Patients
All consecutive kidney transplant procedures performed at the Queen Elizabeth Hospital, Birmingham, England, between 1996and2006wereconsidered(n=890). Of these, genomic DNA was available and successfully genotyped for 785 white transplant donors and their respective recipients (TABLE 1) . No donor or recipientdemographicdifferences(age,sex,ethnicity,repeattransplantation,andproportion of live donors) were seen between those selected for analysis and those unsuitable for analysis by virtue of unavailable DNA (data not shown). The study was performed in accordance with the DeclarationofHelsinki.TheUnitedKingdom's National Research Ethics Service approved the study and waived requirement for individual patient consent.
Tag SNP Selection and Genotyping
Genotyping data were downloaded for all single-nucleotide polymorphisms (SNPs) evaluated in CAV1 from the International HapMap Project Phase II CEU population (http://www.hapmap .org; release 24; CAV1 accession numbers: AF125348; NM_001753). Data were available for 70 SNPs, of which 53 met our inclusion criteria of minor allele frequency greater than 5%. Twelve tag SNPs were selected using the pairwise tagging approach implemented in Haploview 12 (r 2 Ͼ0.8; minor allele frequency Ͼ5%). Together, these 12 SNPs (rs926198, rs4730748, rs3779512, rs3807986, rs4730751, rs959173, rs12672038, rs3801995, rs11773845, rs9886215, rs9920, and rs1049337) effectively evaluate all common sequence variation within CAV1. SNP assays were obtained from Applied Biosystems, Warrington, England, and genotyped on a 7900HT polymerase chain reaction system using Taqman technology. Genotyping results were tested for HardyWeinberg equilibrium. To minimize the confounding effect of population stratification, the effect of recipient CAV1 variation was restricted to a subgroup of 611 white recipients. All donors were white, and all underwent assessment for the effect of CAV1 variation. Individual ethnicity was classified according to categories set by the United Kingdom transplant regulatory authority and were recorded by the institutional transplant coordinator after agreement with the patient (or relative of deceased donor) at the point of transplantation.
Outcome Measures
The primary outcome measure was death-censored allograft failure, defined as the time from transplantation to dialysis requirement or retransplantation.
Initial positive results in the Birmingham cohort were validated in an inde- Abbreviations: CI, confidence interval; HR, hazard ratio; NA, not applicable. a Hazard ratios for death-censored renal allograft failure across cohorts are derived from univariable analyses and for those remaining significant in multivariable models. b All recipients were white. c All were first transplant recipients. d All were recipients of deceased donor kidneys.
conducted to assess its relationship with all-cause mortality (defined as the time from transplantation to death) to ensure that the association between the SNP and death-censored graft failure was not due to increased risk of mortality (confounding by competing risks).
To assess the mechanism by which CAV1 variation might determine graft outcome, causes of graft failure in the Birmingham cohort were identified by clinical review using the methods and reporting strategy of El-Zoghby et al 8 . Robust data regarding the causes of graft failure in the Belfast cohort were not available. Additionally, associations between the candidate SNP and delayed graft function (defined as dialysis requirement in the first week after transplantation) and biopsy-proven acute rejection were evaluated.
Finally, genotype frequency in donors and recipients was compared to assess whether the candidate SNP might influence the development of endstage renal disease per se.
Statistical Analysis
Data are shown as mean (SD) unless otherwise indicated. Group comparisons were assessed using the Fisher exact test and 2 testing as appropriate. Cumulative events were analyzed with KaplanMeier methods, with the log-rank test used for intergroup comparison. Timeto-event analyses were performed using a Cox proportional hazards model. CAV1 variation and other relevant clinical and demographic characteristics were initially examined in a series of univariable analyses, followed by a multiple regression analysis incorporating variables that showed some evidence of univariate association (P Յ .20). A stepwise backward selection process was undertaken to retain variables with a type I error rate of .05 or less in the final model. Colinearity was limited by avoiding entering highly correlated variables into the model. The functional form used for modeling donor and recipient age was investigated by fitting linear and quadratic terms in age. If the quadratic term was not significant (PϾ.05), this was omitted from the analysis, and the linear term alone was used. For variables with more than 2 categories or for which 2 functional forms were assessed, the likelihood ratio statistic was used to display the P value for the variable overall. A test based on Schonfeld residuals was used to confirm the assumption of proportional hazards. SPSS software, version 16 (SPSS Inc, Chicago, Illinois), and Stata software, release 11 (Stata Corp, College Station, Texas), were used for analysis.
For the primary (Birmingham) analysis, a type I error rate of .05 or less (PՅ.05) in the Cox regression model was the criterion for pursuing validation.
RESULTS
Identification of Individual SNP Associations
In the Birmingham cohort, the genotyping success rate exceeded 98% and all SNPs were within Hardy-Weinberg equilibrium bounds (PϾ .05). During a total follow-up of 157 months (median, 81 months; interquartile range, 54-113 months), there were 184 deathcensored graft failures. Kaplan-Meier analysis of death-censored allograft failure revealed significant differences in graft survival between donor genotypes for the tag SNP rs4730751 (logrank P = .007) (FIGURE), with poorer graft survival in recipients whose donors displayed genotype AA. Overall graft failure rates were 38.6% (22/57) for donor genotype AA, 22.3% (96/ 431) for donor genotype CC, and 22.2% (TABLE 2) also showed relationships between increased death-censored graft failure rates and nonwhite recipient ethnicity, younger recipients, and female donors. A U-shaped relationship was seen between donor age and graft failure rates, with increased rates at the 2 extremes of donor age.
No other donor or recipient tag SNPs were associated with graft failure (logrank P Ͼ .20 for all). Further analysis in a subgroup of 671 patients who were recipients of deceased donor kidney transplants revealed donor AA genotype (vs non-AA) to be associated with greater risk of graft failure in univariable and multiple regression analysis (HR, 1.85; 95% CI, 1.13-3.01; P =.01 and HR, 1.77; 95% CI, 1.08-2.90; P =.02, respectively) ( Table 2) .
Histological Assessment of Failed Allografts
Causes of graft failure in the Birmingham cohort were reviewed using the methods and reporting strategy of ElZoghby et al 8 (TABLE 3) . Histological assessment had been performed in 155 of 184 grafts that failed, and graft loss due to predominant interstitial fibrosis was increased in recipients of genotype AA (13/22 [59%]) vs non-AA (42/162 [26%]) kidneys (P=.003). Other causes of graft failure (shown for comparison and consistency) were similar between donor genotypes. Biopsies demonstrating interstitial fibrosis usually also demonstrated arterial wall thickening (11/13 for donor genotype AA; 37/42 for non-AA donor genotype).
Validation Study
To validate the association of this gene region with graft survival, we sought independent validation at the rs4730751 locus in the Belfast cohort (Table 1 ). All donors and recipients were white and all donors were deceased. Greater than 98% of genotypes were successfully called and genotype distribution was within HardyWeinberg equilibrium. During a total follow-up of 238 months (median, 69 months; interquartile range, 24-124 months), there were 301 deathcensored graft failures. Kaplan-Meier analysis of death-censored allograft failure revealed significant differences in graft survival between donor genotypes, and, as in the Birmingham cohort, poorer graft survival was seen in recipients whose donors displayed genotype AA (log-rank P=.001) (Figure) . Overall graft failure rates were 67% (32/ 48) for donor genotype AA, 42% (150/ 358) for donor genotype CC, and 44% (119/273) for donor genotype AC. The multiple regression model (Table 2 ) also revealed donor AA genotype (vs non-AA) to be associated with greater risk of graft failure (HR, 1.56; 95% CI, 1.07-2.27; P=.02). 
CAVEOLIN-1 GENE POLYMORPHISMS AND KIDNEY TRANSPLANTS
No association in either cohort was seen between all-cause mortality and polymorphism at the donor rs4730751 SNP (log-rank PϾ.20).
Secondary Analyses
In light of this validated finding, selected secondary analyses were conducted. In contrast to the Birmingham cohort, increased death-censored graft failure rates were also associated with recipient polymorphism at rs4730751 ( In the Birmingham cohort, no association was seen between donor polymorphism at rs4730751 and either delayed graft function or biopsy-proven acute rejection in the first year ( 2 =0.745; P =.70 and 2 = 1.875; P = .80, respectively). This analysis was therefore not undertaken in the Belfast cohort.
COMMENT
To our knowledge, this is the first report to identify and validate an association between the genome of a renal transplant organ and long-term allograft survival. A tagging approach for a biologically plausible "candidate gene" was taken, investigating polymorphism of the gene encoding CAV1, which is involved in tissue fibrosis as well as vascular proliferation, important contributors to renal transplant failure. The association between donor and recipient polymorphism and graft outcome was investigated because both donor-and recipient-derived cells play a role in graft damage. 10 The histological data lend support to the hypothesis that this polymorphism is likely in linkage disequilibrium with a DNA variant mediating its effect by promoting tissue fibrosis within the donor kidney. There was no evidence that the donor SNP (or one in linkage) exerted a deleterious effect by promoting either acute rejection or delayed graft function.
The potential clinical importance of this donor SNP is highlighted by the observation that it was associated with a risk of death-censored graft loss comparable with that of female donor sex (vs male) and donor hypertension, both established risk factors for graft loss. 13 Although a minority of donors displayed the AA genotype (approximately 10%), this gene variant nevertheless shows potential in identifying a subpopulation at higher risk of allograft failure, and further investigation of its role in the etiology of renal fibrosis may be warranted.
The finding in the Belfast cohort that recipient (as well as donor) AA genotype at CAV1 was associated with graft failure is interesting in light of the observation that recipient cells may contribute to allograft fibrosis. However, this effect was not demonstrated in the Birmingham cohort; therefore, at this time no firm inference can be made with regard to this observation.
The face validity of the study is strengthened by the observation that variables commonly accepted to be associated with graft failure from prior studies were also identified in this study, in particular the effect of donor age, donor sex, and recipient ethnicity.
In conclusion, these studies suggest that polymorphism at rs4730751 of CAV1 may play a role in kidney transplant outcomes. This finding has implications for renal transplantation with regard to the mechanisms underlying graft failure and in the identification of genetic biomarkers. In addition, because renal transplantation may be viewed as an in vivo model of accelerated tissue fibrosis, this study may have relevance for other renal and nonrenal diseases characterized by tissue fibrosis. Finally, this study may also have implications for other conditions in which CAV1 is thought to play a role, in particular vascular disease and neoplasia.
